The biology of ovarian carcinoma differs from that of hematogenously metastasizing tumors because ovarian cancer cells primarily disseminate within the peritoneal cavity and are only superficially invasive. However , since the rapidly proliferating tumors compress visceral organs and are only temporarily chemosensitive , ovarian carcinoma is a deadly disease, with a cure rate of only 30%. There are a number of genetic and epigenetic changes that lead to ovarian carcinoma cell transformation. Ovarian carcinoma could originate from any of three potential sites: the surfaces of the ovary , the fallopian tube , or the mesothelium-lined peritoneal cavity. Ovarian cacinoma tumorigenesis then either progresses along a stepwise mutation process from a slow growing borderline tumor to a well-differentiated carcinoma (type I) or involves a genetically unstable high-grade serous carcinoma that metastasizes rapidly (type II). During initial tumorigenesis, ovarian carcinoma cells undergo an epithelial-to-mesenchymal transition, which involves a change in cadherin and integrin expression and upregulation of proteolytic pathways. Carried by the peritoneal fluid, cancer cell spheroids overcome anoikis and attach preferentially on the abdominal peritoneum or omentum, where the cancer cells revert to their epithelial phenotype. The initial steps of metastasis are regulated by a controlled interaction of adhesion receptors and proteases, and late metastasis is characterized by the oncogene-driven fast growth of tumor nodules on mesothelium covered surfaces, causing ascites, bowel obstruction, and tumor cachexia. (Am J Pathol
In 2009, the American Cancer Society reported 21,550 cases of epithelial ovarian carcinoma and 14,600 disease-related deaths, identifying ovarian carcinoma as the gynecologic malignancy with the highest case-to-fatality ratio. 1 Sixty-nine percent of all patients with ovarian carcinoma will succumb to their disease, as compared with 19% of those with breast cancer. The high mortality of this tumor is largely explained by the fact that the majority (75%) of patients present at an advanced stage, with widely metastatic disease within the peritoneal cavity. Ovarian carcinoma metastasizes either by direct extension from the ovarian/fallopian tumor to neighboring organs (bladder/colon) or when cancer cells detach from the primary tumor. Exfoliated tumor cells are transported throughout the peritoneum by physiological peritoneal fluid and disseminate within the abdominal cavity. Extensive seeding of the peritoneal cavity by tumor cells is often associated with ascites, particularly in advanced, high-grade serous carcinomas. These cancers grow rapidly, metastasize early, and have a very aggressive disease course. Unlike most other cancers, ovarian carcinoma rarely disseminates through the vasculature. However, pelvic and/or para-aortic lymph nodes can be involved. 2 Usually, patients with ovarian carcinoma have locally advanced disease in the pelvis, with contiguous extension to, or encasement of, the reproductive organs (uterus, fallopian, tube, ovaries) and the sigmoid colon. The omentum, normally a soft 20 ϫ 15 ϫ 2-cm fat pad covering the bowel and the abdominal cavity, is almost always transformed by tumor. This generally causes the patient significant pain because the omental tumor tends to obstruct the stomach and the small and large bowel. Current treatment strategies for advanced ovarian carcinoma consist of aggressive surgery ("cytoreduction" or "tumor debulking"). To clear the cancer in the pelvis, surgery often involves an en bloc resection of the ovarian tumors, reproductive organs, and the sigmoid colon, with a primary bowel reanastomosis ("posterior exenteration"). This is technically possible because ovarian tumors stay within the peritoneal cavity, only invade the mesothelium-lined surface, and grow above the peritoneal reflection in the pelvis. Even large omental tumors only invade the superficial bowel serosa and never the deeper layers, which is why removal of the transverse colon is rarely necessary. 3 The surgical treatment goal is to remove as much tumor as possible, because several studies have convincingly shown that cytoreduction results in improved patient survival. 4, 5 This effect of cytoreduction is indicative of a dramatic difference in the biological behavior of ovarian cancer as compared with other malignancies, because in most other cancers the removal of metastatic tumors has not been found to improve survival. Postoperatively, all women, except those with very well-differentiated earlystage cancer, receive chemotherapy with platinum (carboplatin, rarely cisplatin) and a taxane (Taxol, rarely taxotere). The optimal route of administration is still a matter of significant debate, but there is increasing evidence that in patients who have undergone optimal debulking (no residual tumor Ͼ1 cm), intraperitoneal (i.p.) delivery of these drugs increases progression-free survival by 5 months and overall survival by 15 months when compared with i.v. administration. 6 The rationale for this treatment modality is based on the observation that ovarian carcinomas are generally restricted to the abdominal cavity and on pharmacodynamic studies that show that i.p. chemotherapy can achieve very high peritoneal drug concentrations.
Pathology and the Site of Origin
The World Health Organization has categorized 7 epithelial ovarian carcinoma (which represents 80% of ovarian cancers) according to the predominant epithelial cell type ( Figure 1 ). Thus, serous carcinoma has, when well or moderately differentiated, often a glandular or papillary architecture that resembles the papillary surface epithelium of the fallopian tube, (Figure 1 , A-J) which is why it is also referred to as serous-papillary ovarian carcinoma. Endometrioid carcinoma, which is composed of endometrioid-like glands, is often associated with endometriosis and resembles endometrioid carcinomas of the uterus (Figure 1 , K-M). Mucinous carcinomas resemble, in more well-differentiated areas, either endocervical glands or gastrointestinal epithelium (Figure 1, N-R) . It is sometimes difficult to differentiate ovarian carcinomas from tumors of the gastrointestinal tract (eg, colon) that have metastasized to the ovary, but immunohistochemical staining for cytokeratin 7 and 20 (CK7 and CK20) may assist in their identification. Serous ovarian carcinomas are often CK7 positive and CK20 negative, whereas gastrointestinal carcinomas tend to be CK7 negative and CK 20 positive (Figure 1, I and J). This expression pattern, however, is not always organ specific, because colon and gastric adenocarcinomas can express CK7, whereas 33% of mucinous ovarian adenocarcinomas are CK20 positive. The fourth major histological category is the clear-cell carcinoma of the ovary (Figure 1 , S and T), a rare subtype also associated with endometriosis, which shares morphological features with both serous and endometrioid ovarian carcionoma. A very elegant gene expression study showed that genes expressed in different ovarian carcinomas are concordantly expressed in the normal tissues they resemble histologically. 8 Three anatomical sites are the potential origin of highgrade serous carcinomas: the ovarian surface epithelium, the fallopian tube epithelium, and the mesothelium covering the surface of the peritoneal cavity. Over the past 40 years, the idea that the single layer of ovarian surface epithelium gives rise to serous carcinoma gained wide acceptance. 9, 10 The "incessant ovulation" theory holds that the frequent cycle of ovulation and surface repair, and the tendency of the ovarian epithelium to become trapped in inclusion cysts contribute to malignant transformation. The ovarian surface epithelium, a single layer of cells covering the ovary, is derived from the coelomic epithelium next to the gonadal ridge, whereas the uterus, cervix, and fallopian tube develop from the mü llerian (paramesonephric) ducts. The ovarian surface epithelial cells express both epithelial (keratin) and mesenchymal (vimentin) markers, as do the mesothelial cells covering the peritoneum, pleura, and pericardium. Until recently, it was not clear how these epithelial cells could develop into mü llerian-like tissues, when the epithelium is not of mü llerian origin.
An elegant study out of Dr. Naora's laboratory examined HOX genes, which are involved in body segmentation and the morphogenesis of the different tissues in the female reproductive tract. 11, 12 HOX genes encode transcription factors that serve as master regulators for several genes important for morphogenesis. When HOXA9 was expressed in undifferentiated transformed mouse ovarian surface epithelial cells, these cells underwent differentiation and formed tumors that histologically resembled serous carcinomas. Similarly, the expression of HOXA10 induced an endometrioid-like ovarian carcinomas, and HOXA11 expression induced a mucinous like ovarian carcinoma. Although these data do not prove that ovarian carcinoma develops through this mechanism, it does show how the physiologically simple, undifferentiated ovarian surface epithelial cells may differentiate during transformation into a mü llerian-like morphology, mimicking different epithelia of the reproductive tract.
However, because pathologists were generally unable to find an in situ ovarian lesion, doubt remained that ovarian carcinoma originates in the ovarian surface epithelium. Indeed, high-grade ovarian serous carcinoma is the only epithelial cancer currently without an established precancerous component. Recently, the fimbriael epithelium of the fallopian tube ( Figure 1 , U-Z) has been postulated as a possible site of origin for ovarian cancer, based on the observation by Piek et al 13 that in BRCApositive patients the fimbriae often harbor a tubal intraepithelial carcinoma. 14 The idea that far more sporadic serous cancers originate in the fallopian tube than was previously believed was further studied by Dr. Crum and his group. 15, 16 Complete sectioning of the fallopian tubes from 55 patients with pelvic serous carcinomas showed involvement of the inner lining of the fallopian tube in 41 (75%). Most importantly, 29 (52%) had tubal intraepithelial carcinomas, suggesting that the serous carcinomas had originated in the fallopian tube. The intraepithelial carcinomas found in the fallopian tube arose from secre-tory epithelial cells, exhibited strong p53 staining indicative of p53 inactivation/mutation, and overexpressed ␥-H2AX protein, a surrogate marker for DNA damage in epithelial cells. 15, 16 Fallopian tube origin is also supported by a detailed understanding of pelvic organ embryology. Ovarian carcinomas ( Figure 1 , E-H) resemble histologically normal fallopian tube (Figure 1, A and B) , endocervical glands and endometrium, ( Figure 1K ) sharing a common embryological origin in the mü llerian duct, which is mesodermally derived. 17 In contrast, the ovary and its covering surface epithelium are of coelomic origin, making it more difficult to understand how the epithelium transforms into a tumor that resembles tissues of the mü llerian duct. Two hypotheses have been formulated to explain how both the fallopian tube and the ovary might contribute to tumorigenesis. The first speculates that at the transition of the fallopian tube and the ovary is an area of epithelial transition that is vulnerable to malignant transformation, very much like the transition zone of the cervix. 18 The Figure 1 . Major histological subtypes of borderline tumors, epithelial ovarian carcinoma, and the normal tissue they resemble. A and B: Normal fallopian tube at ϫ100 (A) and ϫ400 (B) magnification; C: serous borderline ovarian tumor at ϫ100. D: Micropapillary, well-differentiated ovarian carcinoma (ϫ400). E: Low-grade serous ovarian carcinoma (ϫ100). F: Low-grade serous ovarian carcinoma (ϫ400). G: High-grade serous ovarian carcinoma (ϫ100). H: High-grade serous ovarian carcinoma (ϫ400). High-grade serous carcinoma stained for cytokeratin 7 (ϫ400) (I) and in cytokeratin 20 (ϫ400) (J). K: Proliferative endometrium (ϫ400). L: Endometrioid endometrial carcinoma, Grade I (ϫ400). M: Invasive endometrioid ovarian carcinoma (ϫ200). N: Benign endocervical glands (ϫ200). O: Normal colon (ϫ200) P: mucinous borderline tumor (ϫ400). Q and R: Low-grade mucinous ovarian carcinoma at ϫ40 (Q) and ϫ200 (R) magnification. S and T: Clear cell carcinoma at ϫ40 (S) and ϫ200 (T) magnification. U and V: Fallopian tube with areas of dysplasia at ϫ100 (U) and ϫ400 (V) magnification. W: Fallopian tube with dysplastic epithelium that is p53 positive (ϫ400). X: Fallopian tube with dysplastic epithelium that is Ki-67 positive (ϫ400). Y: In situ fallopian tube carcinoma (ϫ400). Z: Dysplastic fallopian tube transitioning into an invasive fallopian tube carcinoma (ϫ200).
second theory posits that during ovulation, tubal epithelial cells from the fimbriae implant on the denuded surface of the ovary, resulting in the formation of inclusion cysts that become transformed in the ovarian microenvironment. 19 
Genetic Insights into Ovarian Carcinoma Development: Two Major Subtypes of Ovarian Carcinoma
In the last decade, significant progress has been made in our understanding of ovarian carcinoma tumorigenesis. The current working model, pioneered by Drs. Shih and Kurman, 20, 21 tries to match the different histological subtypes to genetic changes and conceptualizes two main molecular pathways that lead to ovarian carcinoma. The first category (type I cancers; Figure 1 , C-F and M) is composed of low-grade serous-papillary, endometrioid, and borderline tumors of low malignant potential, and in the second category are the high-grade serous carcinomas (type II cancers; Figure 1 , G-J). In general, the type I cancers are characterized by a young age at diagnosis, by an indolent disease course with a prolonged overall survival time (median 82 months), 22 and by relative resistance to standard carboplatinum and Taxol chemotherapy. In contrast, the type II cancers, which are most prevalent in postmenopausal women, are initially very chemosensitive to platinum containing chemotherapy, but patients have a median survival of only 30 months.
The genetic changes in well-differentiated ( Figure 1 , E and F) serous neoplasms (type I tumors) seem to accumulate over time, transforming benign epithelium into a low-grade malignant tumor ( Figure 1 , A-F). They almost always arise within an existing serous neoplasm, usually a serous borderline tumor that has micropapillary architecture ( Figure 1D ). On histopathological examination, these carcinomas show the whole spectrum of epithelial differentiation, containing areas representative of benign serous cystadenomas, typical borderline tumors ( Figure  1C ), micropapillary borderline tumors ( Figure 1D ), and invasive well-differentiated carcinomas ( Figure 1 , E and F). Type I tumors typically have mutations in BRAF, KRAS, ERBB2, microsatellite instability, and follow the adenoma-to-carcinoma sequence first described for colon cancer. 23 Active mitogen-activated protein kinase is expressed in Ͼ80% of these low-grade tumors, 24 whereas it is expressed in 41% of high-grade serous tumors. As a consequence of these genetic insights, which suggest a prominent role for the Ras/Raf/mitogen-activated protein kinase pathway in ovarian carcinoma, the Gynecologic Oncology Group recently completed a clinical trial (GOG number 239) that studied the efficacy of an orally available non-ATP small molecule inhibitor of mitogen-activated protein kinase kinase in patients with recurrent low-grade invasive epithelial ovarian carcinoma.
The endometrioid ( Figure 1M ), mucinous ( Figure 1 , Q and R) and clear cell ( Figure 1 , S and T) histological subtypes of ovarian carcinomas share many genetic and clinical features with the type I carcinomas but have some distinct mutations and amplifications (eg, ␤-catenin, phosphatase and tensin homolog (PTEN) 20, 21 ) when compared with the well-differentiated serous carcinomas. KRAS mutations are very frequent in mucinous carcinomas. Clinically, both clear cell and endometrioid ovarian carcinomas share a common presentation: most patients present with early-stage disease that has rarely metastasized but has grown into one large ovarian tumor mass. In 20% of patients with endometrioid and clear-cell ovarian carcinomas, the disease is associated with endometriosis, which has been clearly identified as a precursor for both endometroid and clear-cell ovarian carcinoma. Loss of heterozygosity was detected in the same allele both in the tumor and in the adjacent endometriotic lesion of patients with these ovarian carcinoma subtypes. 25 Also, endometriotic lesions and endometroid ovarian carcinoma share overexpression of a distinct set of genes (eg, SICA2, CCL14, and Cripto-1) that are not deregulated in serous carcinomas. 26 The mutational data gathered in human cancer tissue from patients with endometrioid ovarian carcinomas were confirmed in a genetic mouse model of ovarian carcinoma. Expression of oncogenic KRAS or deletion of phosphatase and tensin homolog (PTEN) gave rise to endometriosis in the mouse ovary. When the two mutations were combined, the mice developed metastatic ovarian carcinoma, which often appeared endometrioid. 27, 28 The sequence of genetic events in high-grade serouspapillary carcinomas is not as well understood. Clinical experience and a recent study 29 suggest that these tumors grow quickly and disseminate widely within the mesothelial cell-covered peritoneal cavity (or as an effusion in the mesothelial cell covered pleural space). Highgrade serous carcinomas show widespread DNA copy number gains and losses involving all chromosomes, which is a characteristic of their significant genetic instability. 30 , 31 Kuo et al 30 found reduced expression of RB1 and p16 protein in Ͼ50% of all tumors and identified frequent homozygous deletions of RB1 and CDKN2A/B in 17% of serous carcinomas. Interestingly, a few years before their paper was published, deletion of RB1 and TP53 resulted in a mouse ovarian cancer model with serous histology. 32 The most frequent genetic change in high-grade serous carcinomas involves p53 mutations, which occur in 50 -80% of this form of cancer. 33, 34 Mutations are found in tumors of all stages, suggesting that they originate in an early event in the progression of the disease. 35 The timing of the mutation might explain why a large phase III trial of adenoviral wild-type p53 delivery combined with Taxol and carboplatinum did not show any positive results. 36 Since p53 function loss leading to overexpression is seen in the earliest events of ovarian/ fallopian carcinoma tumorigenesis, including in situ cancers 15, 16 ( Figure 1W ), it could be that once the tumor has metastasized and is chemoresistant (as were the patients enrolled on this trial) tumor growth no longer depends on p53.
Other important genetic alterations in high-grade serous tumors include BRCA 1 and 2 mutations and amplification of the AKT2 serine/threonine kinase and the phosphatidylinositol 3-kinase genes (40%). 37, 38 Phos-phatidylinositol 3-kinase is mutated in one third of all clear cell ovarian carcinomas, but no amplifications have been detected in these cases. 39 Because the AKT/phosphatidylinositol 3-kinase pathway is altered in a high percentage of type II ovarian carcinomas, several phosphatidylinositol 3-kinase inhibitors are in clinical development.
Leaving the Primary Tumor: The First Step to Successful Ovarian Cancer Metastasis
The biological behavior of ovarian carcinoma is unique, differing markedly from the classic and well-studied pattern of hematogenous metastasis found in most other cancers. For example, breast and colon cancer cells go through several steps of intra-and extravasation before they establish metastases within other organs (eg, bone, liver, brain). 40 The task of metastasis appears to be easier for ovarian carcinoma. Once the cancer cells have detached as single cells or clusters from the primary ovarian tumor, it is thought that they metastasize through a passive mechanism, carried by the physiological movement of peritoneal fluid to the peritoneum and omentum. Clinical observation and retrospective clinical studies suggest that serous ovarian carcinomas grow very efficiently within the peritoneal cavity, but rarely metastasize outside of it. This was confirmed in patients who had peritoneovenous shunts implanted to palliate intractable ascites. The shunts, which were intended to relieve the discomfort of ascites without the risks associated with repeated paracentesis, infused billions of cancer cells into the venous system through the jugular vein. After up to 2 years of continuous shunting, most patients did not develop disseminated hematogenous metastases. 41 This unusual result, a byproduct of a palliative clinical intervention, confirms that Paget's "seed and soil" theory holds true for ovarian carcinoma. The "soil" for ovarian carcinoma is the mesothelium (Figure 2A , B, and F) that covers all organs within the peritoneal cavity, including the omentum and the diaphragm. It is an interesting, but poorly understood, feature of ovarian carcinoma that the tumor implants invade the mesothelial cell layers ( Figure  2 , D and E) but rarely invade deeper into the peritoneum.
Before the ovarian carcinoma cells detach and start their metastatic journey, they often undergo an epithelialto-mesenchymal (EMT) transition, which eases the attachment of epithelial cells to the basement membrane and loosens the intercellular adhesions between the cancer cells. One of the molecules critical for the adhesion of neighboring epithelial cells is E-cadherin, a membrane glycoprotein located at cell adherens junctions. 42 ,43 Ecadherin connects through ␣-and ␤-catenin to the actin microfilaments within the cytoplasm, thereby anchoring epithelial cells to each other. In general, loss of E-cadherin in epithelial cancer correlates with EMT and the acquisition of an invasive phenotype. 44 In ovarian carcinoma, the E-cadherin expression of the cancer cells floating in ascites and at metastatic sites is lower than in the primary ovarian tumor. Moreover, ovarian carcinoma cells with low E-cadherin expression are more invasive 45 and the absence of E-cadherin expression in ovarian carcinomas predicts poor patient survival. 46 Loss of Ecadherin gene expression is mainly due to up-regulation of the zinc-finger containing transcriptional repressors Sip1/ZEB2, Snail, and Slug, which repress E-cadherin transcription. 47 The following scenario summarizes our current understanding of epithelial-mesenchymal-epithelial "metamorphosis" during ovarian carcinoma metastasis. 48, 49 Initially, during malignant transformation, the epithelial cells undergo EMT, lose E-cadherin-mediated cell-cell interactions, and up-regulate other cadherins 49, 50 (eg, N-cadherin, P-cadherin) as part of a global "cadherin switch." The transformed cells, which now look more like fibroblasts, acquire an invasive phenotype and proliferate. Ovarian Cancer Biology 1057 AJP September 2010, Vol. 177, No. 3 EMT allows the cancer cells to survive under crowded hypoxic conditions 51 and also allows mesenchymal signaling through interactions with surrounding stromal cells. Through clustering of collagen binding integrins (␣ 2 ␤ 1 -and ␣ 3 ␤ 1 -integrin) on the cancer cell, matrix metalloproteinase (MMP)-9 is induced, which cleaves the E-cadherin ectodomain, contributing to the loosening of cell-cell adhesion and allowing the transformed cells to shed as single cells or spheroids into ascites. 52 After the ovarian carcinoma cells have detached as single cells or clusters from the primary tumor, they spread to the peritoneum and omentum, carried by the physiological movement of peritoneal fluid. Within the spheroids the cancer cells maintain a mesenchymal phenotype 53 and express Sip1, a known regulator of E-cadherin and MMP-2. As part of the EMT process, E-cadherin loss leads to transcriptional up-regulation of the fibronectin receptor, ␣ 5 ␤ 1 -integrin, facilitating the adhesion of ovarian carcinoma cells to the secondary site. 54 Once a metastatic colony is established in the omentum or peritoneum (Figure 2 , D, F, and G), the ovarian carcinoma cells undergo mesenchymal-to-epithelial transition into an epithelial phenotype, which allows them to respond to paracrine growth factors and sustain fast growth.
It is not clear if ascites is present when tumor cells initially metastasize, or if ascites is a sign of a more advanced, high volume disease, as clinical studies and experience would suggest. 55 A combination of factors can contribute to ascites formation in ovarian carcinoma. Cancer cells can obstruct subperitoneal lymphatic channels and prevent the absorption of the physiologically produced peritoneal fluid (1l/day). Moreover, secretion of vascular endothelial growth factor (VEGF) by ovarian carcinoma cells increases vascular permeability and promotes the ascites formation. 56 For this reason, inhibition of VEGF with an engineered soluble VEGF receptor (VEGF Trap) designed to bind all forms of VEGF-A inhibits ascites production very significantly in xenograft ovarian cancer mouse models 57 and is now being tested in a clinical trial in advanced ovarian cancer patients with recurrent symptomatic ascites.
Transit: Ovarian Cancer Cells Traveling as Single Cells and Spheroids within the Peritoneal Cavity
Once the cancer cells have detached from the primary tumor, they float in the ascites as single cells or as multicellular spheroids. It is not clear whether single cells detach and then aggregate to form spheroids, or if the cells detach as cell clumps that stay together while floating in ascites. Several laboratories have established in vitro spheroid models from cultured ovarian carcinoma cells. 58 , 59 A study of OVCAR-5 spheroids demonstrated that ␣ 5 ␤ 1 -integrin and its ligand, fibronectin, are present on the surface of the cancer cells. A function blocking antibody against ␤ 1 integrin is able to inhibit spheroid formation, whereas ␤ 1 -integrin clustering antibody and fibronectin (both of which activate ␣ 5 ␤ 1 -integrins) promote spheroid formation. 60 That fibronectin plays an important role in spheroid growth and attachment fits well with the current emphasis on the importance of the microenvironment in ovarian carcinoma metastasis, since several isoforms of fibronectin are abundantly present in ascites. Other integrins important in spheroid adhesion are ␣ 6 ␤ 1 -integrin, which is known to bind laminin, and ␣ 2 ␤ 1 -integrin, which binds to type IV collagen. 59 Laminin, collagen, and fibronectin are not only present in ascites but are also the most abundant extracellular proteins in the mesothelium covering the peritoneum and the omentum. Given the integrin repertoire expressed on the spheroids, ovarian carcinoma cells are well equipped to adhere to these surfaces. In a study using cancer cell spheroids recovered from the ascites fluid of 11 patients, the spheroids showed very strong adhesion to fibronectin, type I collagen, and a monolayer of mesothelial cells. 58 Proteolytic activity is also very important at multiple stages during the intraperitoneal metastases of spheroids, especially for their initial detachment from the surface of the ovary. Membrane type 1 MMP (or MMP-14) is a transmembrane protease phosphorylated at its cytoplasmatic domain. Active membrane type 1-MMP on cancer cells cleaves ␣ 3 -integrin, contributing to the detachment of the spheroid from the primary tumor. 61 membrane type 1-MMP continues to be expressed on spheroids even after they detach from the ovary, since it can be detected on spheroids in ascites from patients undergoing paracentesis. The other MMP expressed by the majority of multicellular aggregates collected from ascites is MMP-2, which plays a major role in early metastasis. 62 The spheroids secrete more pro-MMP-2 than a monolayer culture made up of the same ovarian carcinoma cells. MMP-2 possibly promotes the fast disaggregation of the spheroids on adhesion to the surface mesothelial cell layer.
Several in vitro studies have explored the possibility that spheroids are less susceptible to chemotherapy than single cells, and it has been hypothesized that spheroids are resistant to anoikis because they express Bcl-x L . 63 This raises the possibility that floating spheroids constitute a chemoresistant niche that continuously repopulates the abdominal cavity, making it impossible to cure ovarian carcinoma. Clinically, not much emphasis has been placed on ascites volume. Indeed, in clinical testing, new ovarian cancer agents are evaluated by assessing their impact on solid measurable disease. Since a number of published experimental studies emphasize the importance of adhesion molecules and proteases in spheroid formation, maintenance, and the subsequent adhesion of cancer cells at the secondary site, targeting their action makes biological sense. For example, disruption of E-cadherin-mediated adhesion and signaling in spheroids using an anti E-cadherin antibody re-sensitizes ovarian tumor cells to chemotherapy with Taxol. 64 
Arrival
Although ovarian carcinoma cells have the potential to metastasize throughout the peritoneal cavity, the organ distribution of ovarian carcinoma metastasis from the primary tumor is not completely random. Other than the fallopian tube and the contralateral ovary, the most common secondary sites for distant metastasis are the omentum (Figure 2, F-H ) and the peritoneum (Figure 2, A-E) . 65 Within the peritoneum, which covers the entire abdominal cavity (a surface of ϳ9 sq ft in the average person), the right diaphragm and small bowel mesentery are preferentially colonized. We do not know if ovarian carcinoma cells arrive at the secondary site as single cells or as spheroids, or if the primary ovarian tumor prepares the omentum/peritoneum for successful colonization. It has been shown in other cancers that humoral factors secreted by the primary tumor mobilize bone marrow cells to prepare the metastatic niche. 40 The primary microenvironment for the ovarian carcinoma cell is the mesothelium (Figure 2, A, B, and F) , which covers all organs within the peritoneal cavity, including the diaphragms, bowel serosa, omentum, and the entire peritoneum. 66, 67 Histologically, the mesothelium is a single layer of mesothelial cells attached to a basement membrane predominantly composed of collagen types I and IV, fibronectin, and laminin. Fibroblasts and rare macophages are interspersed within this membrane and are responsible for producing several of the matrix proteins present. [67] [68] [69] [70] The first steps taken by the disseminated cancer cells when they home to the peritoneum and omentum involve an interaction between the cancer cell and the mesothelial cells covering the basement membrane. Integrins have been identified as important mediators of ovarian carcinoma metastasis to the mesothelium. ␤ 1 -Integrin, which can heterodimerize with many different ␣-integrin subunits, is key to adhesion of ovarian carcinoma cells to mesothelial cells, as is evidenced by the fact that antibodies against ␤ 1 -integrin can inhibit adhesion. 71 Another important adhesion receptor, vascular cell adhesion molecule-1, (VCAM-1) is present on mesothelial cells and binds to ␣ 4 ␤ 1 -integrin on ovarian carcinoma cells. Function-blocking antibodies directed against vascular cell adhesion molecule-1 and ␣ 4 ␤ 1 -integrin block migration and metastasis in a xenograft model. 72 The role of the vitronectin receptor, ␣ v ␤ 3 -integrin, in ovarian cancer metastasis is less clear. Although initially it was thought to be expressed on aggressive ovarian cancer cells, 73, 74 recent data question this assertion and suggest that it is expressed on well differentiated tumors and acts as a tumor suppressor in ovarian cancer. 75 Therefore, therapies aimed at blocking ␣ v ␤ 3 -integrin may prove to have detrimental effects.
The binding of ovarian carcinoma cells to mesothelial cells is not only mediated by integrins, but also by CD44, the principal cell surface receptor for hyaluronic acid. The propensity of ovarian carcinoma cells to bind to peritoneal mesothelium can be partly inhibited by a neutralizing anti-CD44 antibody. 76 Furthermore, in xenograft studies, the anti-CD44 antibody inhibits implantation to the peritoneal cavity of mice, but, since colony size was reported to be similar in antibody and control treated mice, the antibody does not seem to have an effect on proliferation. 77 Of interest is that CD44 is also a stem cell marker. The possible role of cells with stem cell-like characteristics in ovarian carcinoma will be discussed later in this section. When ovarian carcinoma cells attach to mesothelial cells, the cancer cells up-regulate MMP-2, which then cleaves the extracellular matrix proteins fibronectin and vitronectin into smaller fragments. The cancer cells then adhere much more strongly to these smaller fragments, using the fibronectin (␣ 5 ␤ 1 -integrin) and vitronectin (␣ v ␤ 3 -integrin) receptors. A one-time early treatment with a MMP inhibitor significantly reduced tumor weight and metastasis in mouse xenograft models, although the repeated treatment of established tumors had a minimal effect on tumor burden. 70, 78 These results suggest that MMP-2 is more important in early adhesion and early metastasis. They may also explain, at least in part, why potent MMP inhibitors failed in the clinic, since the patients treated had recurrent, chemoresistant disease, which is less dependent on MMP-2/9 expression. Although MMP-2 seems to be produced by the cancer cells, another type IV collagenase, MMP-9, is produced by host cells. Ovarian tumor cells grown in nude mice lacking the MMP-9 gene show impaired macrophage infiltration, angiogenesis, and tumor growth. However, when MMP-9 ϩ/ϩ macrophages are injected into the MMP-9 knockout mice the tumors grow very efficiently. 79 Invasion of the mesothelium is an early step of ovarian carcinoma metastasis. It can be mimicked using a new three-dimensional culture model (reviewed by Kenny et al 69 ) that is composed of primary human mesothelial cells and primary human fibroblasts from the same patient suspended in an extracellular matrix. With the three-dimensional model, it was found that an intact mesothelial cell layer can very efficiently inhibit the invasion of ovarian carcinoma cells, suggesting that mesothelial cells can delay ovarian carcinoma attachment and invasion. 69 A mechanism by which carcinoma cells overcome the effects of the mesothelial cells was proposed in a study using colon cancer cells, which found that tumor cells can induce mesothelial cell apoptosis by secreting Fas ligand, which then binds to the Fas receptor (CD95) on mesothelial cells. 80 Interestingly, recent data has shown that the binding of Fas ligand to Fas receptor on ovarian cancer cells very significantly promotes tumor formation and tumor growth. This is contrary to the current perception that the function of Fas ligand is to cause apoptosis 81 and raises the intriguing possibility that neutralizing the activity of Fas ligand could provide a novel therapeutic approach. Once the mesothelial cells are removed, the ovarian tumor cells adhere and invade forcefully through the extracellular matrix, which also promotes tumor growth. 69 Of all of the extracellular matrix proteins present in the submesothelial basement membrane, primary ovarian carcinoma cells adhere preferentially to type I collagen, which can be blocked with an ␣ 2 ␤ 1 -integrin antibody that inhibits the interaction of cancer cells with collagen. 82 Another important protein in ovarian carcinoma metastasis is transglutaminase, an enzyme of prognostic significance that is overexpressed on ovarian carcinoma cells 83 and is secreted into ascites. 84 Transglutaminase 2
Ovarian Cancer Biology 1059 AJP September 2010, Vol. 177, No. 3 modulates the extracellular matrix through Ca 2ϩ -dependent protein cross-linking and strengthens integrin-dependent cell adhesion. Transglutaminase-2 also induces the degradation of protein phosphatase-2, thereby activating the transcription factor cAMP response element binding protein, which regulates MMP-2 activity through a cAMP response element binding protein binding site in the MMP-2 promoter. 85 In addition, it promotes EMT and enhances ovarian tumor metastasis by activating oncogenic signaling. 86 Systemic inhibition of transglutaminase with a novel liposomal delivery of small interfering RNA significantly reduces tumor growth in both chemotherapy-sensitive and -resistant tumors. This effect was explained by a reduction in angiogenesis and increased apoptosis as well as decreased tumor cell attachment and invasion. 83 
Late Metastasis: Tumors Transforming the Secondary Site
The process of early metastasis depends on a well-coordinated process of adhesion and proteolysis, which allows the ovarian carcinoma cell to establish an outpost on the omentum and peritoneum. Although early metastasis is very well studied because of the availability of appropriate models, less is known about what happens after the ovarian cancer cells have implanted. We know from research into the biology of colon and breast cancer that once tumors reach a certain size they require new blood vessels, because diffusion alone can no longer provide the nutrients required for the growing tumor. As can be seen in Figure 2E , ovarian cancer implants attract new blood vessels to support their growth. A group of VEGFs stimulate vascular and lymphatic endothelium to form new blood and lymphatic vessels and also regulate their permeability. VEGFs A, B, and C and placental growth factor bind in overlapping affinities to three receptor tyrosine kinases, VEGF receptor 1 (VEGFR1) (flt-1), VEGFR2 (KDR), and VEGFR3, which are expressed on endothelial cells. High levels of VEGF in serum and ascites, and high VEGF expression on ovarian carcinoma tumors, have been associated with ovarian tumor progression and poor prognosis. 87 VEGFRs were initially found on endothelial cells, but recent evidence suggests that they are also present on ovarian cancer cells. Inhibition of human VEGFR2 in an ovarian cancer xenograft model inhibited tumor growth by blocking the VEGFR2 on the human tumor cells. When the human antibody was combined with a murine antibody targeting host VEGFR2 on endothelial cells, there was an additive effect, suggesting both an autocrine and paracrine VEGF/VEGFR2 loop in ovarian cancer. 88 It was also recently shown that the VEGFA/VEGFR2 ligand receptor pair protects ovarian cancer spheroids floating in ascites from anoikis and allows their survival in suspension. 89 Several VEGF/VEGFR inhibitory agents are in clinical testing and early results are promising. Tests with a murine anti-human VEGF monoclonal antibody, the parent antibody of bevacizumab, inhibited ascites formation in xenograft models. Clinical testing of the humanized murine antibody in phase I and II trials is showing response rates between 16 and 24% in recurrent ovarian carcinoma 90 and preliminary phase III results from a study (GOG number 218) in the adjuvant setting (immediately after surgery) have just been released. Patients given an adjuvant treatment of carboplatin, taxol for 1 cycle, followed by bevacizumab, carboplatin, and Taxol for 5 cycles, and then maintenance therapy with bevacizumab for 15 additional cycles, showed a 4 months improvement in progression-free survival. There was no difference in progression-free survival when bevacizumab was given with carboplatinum and Taxol "only" during the initial adjuvant treatment and the maintenance therapy with bevacizumab was omitted. These results suggest that the regrowth of disease is delayed if VEGF is depleted from the tumor for a prolonged period of time.
Insights into late ovarian carcinoma metastases have also come from microarray studies that have compared the primary and metastatic tumor, reflecting advanced metastasis. In 1992 a report established that most ovarian carcinomas are clonal. 91 Using the Affymetrix U 95 gene array, which contains 12,000 genes, Hibbs et al 92 found only 64 genes and Adib et al 93 found only 35 genes that showed alterations in expression from the primary tumors to their metastases. This led both teams to conclude that the primary tumor and its corresponding metastases are essentially the same. These conclusions were confirmed by comparative genomic hybridization, 94 and recently a high-resolution SNP analysis 31 proved that the genetic alterations were similar in the primary tumors and their respective metastases. One explanation for these findings is that the metastatic process in ovarian carcinoma is not as complex as it is in other tumors because it "only" involves passive detachment from the primary tumor through the flow of peritoneal fluid and reattachment of cancer cells to the peritoneum/omentum. The alternative explanation is that most of the metastatic potential of the ovarian carcinoma cells already exists in the genetic changes present in the primary tumor and, therefore, it depends less on metastasis related selection pressure. This hypothesis was further refined by an elegant study from Khalique et al 95 who evaluated clonal evolution between primary ovarian tumors and their metastasis using parsimony tree analysis, a software usually used to understand the evolution of animal species. They found that all metastases closely resemble the primary tumor and that different cancer clones within the primary tumor can give rise to metastasis.
The findings in ovarian carcinoma are in line with studies involving other cancers, including a study analyzing various primary tumors (eg, breast, medulloblastoma, prostate) in which a 17-gene signature in the primary tumor predicted metastases and prognosis. 96 Another study in colon cancer, using full genomic sequencing of primary colon cancers and corresponding liver metastases, showed no new mutations in the metastases, implying that new mutations are not required for a tumor cell to leave the primary tumor and seed to a distant site. 97 The fact that most primary tumors and metastasis have similar genetic changes has several potential implications for the diagnosis and treatment of serous ovarian carcinomas. It suggests that serous ovarian carcinoma is able to metastasize quickly once completely transformed. This was confirmed by mathematic modeling based on clinical data from BRCA-positive patients undergoing a prophylactic oophorectomy who had small, subclinical cancers. Brown and Palmer showed that these occult tumors double every 2.5 months and that serous tumors disseminate when they are only 3 cm in size. 29 This makes screening for early ovarian carcinoma much more difficult because the time available for finding an early lesion by screening is very short. 29, 98, 99 However, it also suggests that if the right genetic lesions are targeted therapeutically it will be possible to eradicate both the primary tumor and the metastatic tumor.
Ovarian carcinomas are heterogenous tumors and contain a small number of cells with stem cell-like characteristics, such as expressing Oct4, Nestin, and c-kit/ CD117. When ovarian cancer cells that express these stem cell-related molecules are isolated from ascites, they have the ability to grow in an anchorage-independent manner in vitro and form in vivo tumors that are able to metastasize. 100 Szotek et al 101 identified a subpopulation of ovarian carcinoma cells that have the ability to efflux the lipophylic dye Hoechst 33342. These cells express c-kit/CD117 and also the hyaluronate receptor CD44, markers previously described in cancer stem cells from other solid tumors. Cells that express these markers are highly tumorigenic in mice and chemotherapy-resistant when compared with the noneffluxing cells. The detection of ovarian carcinoma stem cells with an ability to self-renew and high epithelial plasticity raises the interesting possibility that these cells have higher metastatic efficiency and might be responsible for the majority of metastasizing ovarian carcinoma cells. Their increased chemoresistance to standard carboplatin and Taxol chemotherapy also suggests that the successful eradication of these cells would require a non-cross-resistant chemotherapy regimen.
Concluding Remarks
Ovarian carcinoma is a rare disease, and therefore, to find new and better treatments, we will have to take a nontraditional path. Unlike research in breast and colon cancer (which are, respectively, 11 and 7 times more common than ovarian carcinoma), research in ovarian carcinoma presents limited opportunities for large phase III trials. Therefore, new drugs should be characterized through translational studies that use several methods in parallel, including bioinformatics, cell lines, three-dimensional models, and xenograft and genetic mouse models. These studies should then be followed by extended phase II clinical protocols using innovative trial designs. In addition, we may also have to change how new agents are validated preclinically. Many new drugs are tested in a metastasis prevention setting; tumor cells are injected into nude mice and treatment with the new compound is started a few days later. Yet most clinical phase II trials examine a compound for activity against a recurrent, widely metastasized, multidrug-resistant cancer. A possible improvement could be to allow the cells to grow and disseminate in the mouse first, treat with standard chemotherapy, and then test the new drug.
The biological behavior of ovarian carcinoma gives us special opportunities for treatment, since most of the tumors are confined within the peritoneal cavity. The seclusion of the abdominal cavity constitutes an unusually defined therapeutic space and intraperitoneal treatment has already proven more efficient than conventional intravenous treatment. Given the genetic similarity of abdominal ovarian tumors, an appropriate treatment target has, theoretically, the chance to shrink all tumors simultaneously and offer a significant improvement in the treatment of ovarian cancer.
